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Rationale and Objectives: To investigate the accuracy and precision of pulmonary nodule size measurements on chest tomosynthesis
images.
Materials and Methods: Artificial ellipsoid-shaped nodules with known sizes were inserted in clinical chest tomosynthesis images. The
volume of the nodules corresponded to that of a sphere with a diameter of 4.0, 8.0, or 12.0 mm. Four thoracic radiologists were given the
task to determine the longest diameter of the nodules. All nodules were measured twice. Measurement accuracy in terms of the mean
measurement error was determined. Intraobserver and interobserver variabilities, as well as variability because of differences between
nodules and their locations, were used as measures of precision.
Results: Themeanmeasurement error ranged from0.3 to 0.1 mm for the nodule size groups and observers. Of the smallest nodules, the
observers found 7–17 of total 50 nodules nonmeasurable. The intraobserver and interobserver variabilities were of similar magnitude, indi-
cating relatively small differences between the observers. The internodule variability was in general larger, indicating that the different char-
acteristics of the nodules and their location are sources of variability.
Conclusions: The results suggest a high accuracy and precision for manualmeasurements of the nodules in chest tomosynthesis images.
However, small nodules (<5.0 mm) may be difficult to measure at all because of poor visibility.
Key Words: Thoracic radiography; tomosynthesis; solitary pulmonary nodule; dimensional measurement accuracy; observer variation.
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ulmonary nodules are common incidental findings
from chest and cardiac computed tomography (CT)
examinations (1,2). As indicators of malignancy forAcad Radiol 2015; 22:496–504
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496these lesions, nodule size and growth are important factors
(3,4). The Fleischner society has proposed a generally accepted
management strategy for the follow-up of indeterminate
nodules, which is based on repeated CT examinations at
certain time intervals, depending on the size of the nodule
when it is detected (5). If a significant size increase in the
nodule over time is detected in the images, further diagnostic
investigations are initiated. Similar recommendations can be
found in the Response Evaluation Criteria In Solid Tumors
(RECIST) guidelines concerning the evaluation of treatment
response for tumors and metastases (6). The noninvasive na-
ture of the technique and the high conspicuity of lesions in
the images make CT scanning a suitable choice for follow-
up. However, repeated CT scans raise concerns regarding
the patient radiation dose burden (7).
Chest tomosynthesis has relatively recently emerged as an
interesting alternative modality in lung imaging (8–11). The
technique allows imaging of the chest in section images at a
radiation dose substantially lower than in the case with chest
CT (12,13). The financial cost for a chest tomosynthesis
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examination. Additionally, patient throughput is higher for
the chest tomosynthesis examinations (11). Although the
depth resolution of chest tomosynthesis is limited compared
to CT, previous studies have shown that a relatively large
amount of pulmonary nodules visible onCT images are detect-
able on chest tomosynthesis images (14–17). Furthermore, and
of even higher importance for the present study, in the study by
Vikgren et al. (15) all nodules with a longest diameter larger
than 6 mm confirmed on CTwere deemed visible in retrospect
by tomosynthesis. This indicates the potential of using tomo-
synthesis for follow-up of already detected nodules.
Assessment of lesion size is commonly done by manual
diameter measurements in the images. Inevitably, this will
lead to observer variability, affecting the reliability of the
measurement and the sensitivity of detecting any changes in
the size. Previous studies have indicated good agreement
between manual nodule measurements on CT and tomosyn-
thesis (18,19). Limiting factors in these studies are that
the measurements were done either on a nonanatomical
background (18), restricting the clinical validity of the results,
or on real nodules in clinical images where the true nodule size
was unknown (19), making it difficult to establish any system-
atic errors in the measurements. To address these issues, the
aim of the present study was to investigate the accuracy and
precision of pulmonary nodule measurements on chest
tomosynthesis images by using artificial nodules with known
sizes located in real anatomical backgrounds.MATERIALS AND METHODS
Image Collection
A subset of the patient images used in a previous study by
Svalkvist et al. (20) was used as a basis for the creation of the im-
age material in the present study. All included patients were
referred for a combined chest CTand conventional chest radi-
ography examination. For study purposes, a chest tomosynthe-
sis examination was performed in addition to the referred
examinations. This was approved by the Regional Ethical Re-
view Board, and all participants gave written informed consent.
The tomosynthesis examinations were performed in
conjunction with and on the same equipment as the conven-
tional chest radiography examinations (Definium 8000 with
VolumeRAD option; GE Healthcare, Chalfont St Giles,
UK). With this system, a tomosynthesis examination consists
of 60 low-dose projection images, acquired at a tube voltage
of 120 kVp andwithin an angular interval of +15 to15 rela-
tive to the standard orthogonal posteroanterior projection. The
x-ray output used for all the projection images is determined by
the resulting exposure of a scout view image, which is a conven-
tional posteroanterior radiograph acquired with automatic
exposure control before the tomosynthesis projection image
acquisition. The tube load used for the scout view is multiplied
by a user-adjustable dose ratio and distributed evenly between
the 60 tomosynthesis projection images. In the present study,a dose ratio of 10:1 was used for all examinations. The resulting
tube load per projection image is rounded down to the closest
value possible on the system, with the restriction of a minimum
possible tube load per projection of 0.25 mAs. During the im-
age acquisition, which takes approximately 10 seconds, the x-
ray tube moves continuously in the vertical direction while
the position of the detector is fixed. Filtered backprojection is
used to reconstruct coronal section images from the projection
images. Normally, approximately 60 section images are recon-
structed with a 5 mm interval. The pixel size in the projection
radiographs and in the reconstructed images is 0.2  0.2 mm2.
The typical effective dose for a tomosynthesis examination on
this system has been reported to be 0.13 mSv for a standard
size patient (170 cm/70 kg) (13). Using the method for esti-
mating the dose-area product of a chest tomosynthesis exami-
nation described by Bath et al. (21) and the proposed
conversion factor of 0.26 mSv/Gy cm2 (13), the average effec-
tive dose for the patients included in the present study was also
determined to be 0.13 mSv.Nodule Simulation
Artificial three-dimensional nodules, with a voxel size of
0.1  0.1  0.1 mm3, were simulated. The nodules were
given an ellipsoid shape with equal length for the two minor
axes. The volume of each nodule corresponded to that of a
sphere with a diameter of 4.0, 8.0, or 12.0 mm. Each of the
three size groups consisted of 50 nodules with a uniform
distribution of the ratio between the lengths of the major
and minor axes ranging from 1.1 to 1.5. This gave in total
150 nodules with a variety of shapes, from a sphere-like shape
to a more elongated ellipsoid shape. The ranges of the length
of the major axis were 4.3–5.2, 8.5–10.5, and 12.8–15.7 mm
for the three nodule size groups.Nodule Insertion
The simulated nodules were projected into the raw data
projection images from the tomosynthesis examination of
the included patients, using a method described previously
in detail by Svalkvist et al. (20,22). Knowledge of the
geometry of the tomosynthesis system is used in the method
to convert a particular desired position of the nodule in the
patient to a position in each of the 60 projection images.
The paths of the x-rays from the focal spot to the detector
are traced and the amount with which they are attenuated as
they pass through the simulated nodule is determined. By
adjusting the pixel values in the projection image raw data
according to the resulting signal loss in the detector that
would have occurred, had the nodule been present in the
patient, the nodule is inserted in the images. Contrast loss
because of scattered radiation and signal spread in the
detector is accounted for in the insertion process. A certain
amount of blurring caused by patient motion will always be
present in tomosynthesis images. This is accounted for by
shifting the nodule position, relative to the original position,497
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The direction of the shift in nodule position is randomized
over all directions according to a uniform distribution. The
amount of the shift is randomized according to a normal
distribution with zero mean and a given standard deviation
(SDmotion) (see subsequently).
All nodules were assigned a homogenous density and an
attenuation coefficient of 0.16/cm. The value of the attenua-
tion coefficient was chosen to represent a typical nodule
density based on measurements made by Svalkvist et al. (20)
of the CT number of real nodules. The attenuation in the
existing anatomy at the location of the inserted nodule was
compensated for by subtracting the attenuation coefficient
of lung tissue from the nodule attenuation coefficient. In
the present study, an attenuation coefficient of 0.03/cm was
used for lung tissue, which was also determined by Svalkvist
et al. (20) by CT number measurements.
The method for inserting simulated nodules in clinical
images was validated by Svalkvist et al. (20) in a previous study,
where 129 simulated nodules were inserted into patient im-
ages at positions in the lung that resembled those of real nod-
ules found in patients. Fifty of these positions were selected for
the simulated nodules in the present study. This resulted in 50
unique positions in 28 different chest tomosynthesis image sets
from an equal number of examinations and patients. Each im-
age set was used for between 1 and 4 simulated nodules.
Nodules from the three different size groups were created to
correspond to each other in the ratio of the length of the ma-
jor and minor axes and were inserted at identical positions.
In the study by Svalkvist et al. (20), SDmotion was adjusted
for each nodule so that the blurring because of patient motion
of the nodules visually matched that of the surrounding
anatomical structures at a specific location in the patient.
The determined values for SDmotion were also used in the pre-
sent study, and for the subset of locations used the mean value
of SDmotion was 0.23 mm, ranging from 0.14 to 0.32 mm
depending on the location in the patient.
The insertion of the simulated nodules in the tomosynthe-
sis projection images was such that the ellipsoid major axis
lies in the same plane as the final reconstructed section im-
ages. All nodules were centered in the depth direction in
one of the section images. This was not the case in the study
by Svalkvist et al., therefore small adjustments had to be
made to the nodule positions in this direction. In some of
the cases, adjustments in the two other directions had to be
made as well to fit the entire volume of the simulated nodule
within the lung parenchyma and not to position the nodule
unnaturally close to other anatomical structures, such as the
ribs or diaphragm. As the method does not take into account
any morphologic changes of the surrounding anatomy
because of the presence of nodule, the validity of the method
is limited close to structures that would be affected by the
presence of a nodule. A subjective evaluation of the resulting
images indicated that this was not a problem in any of the
cases in the present study. A rotation was introduced to all
the nodules before they were inserted in the images, such498that the major axis of the nodules lies in different directions
in the image plane. The amount of rotation was chosen
randomly but was equal for the nodules in each of the three
size groups at the same location.Measurement Study
Four thoracic radiologists participated in a measurement study
where the task was to determine the longest diameter of the
simulated nodules on the chest tomosynthesis images. Three
of the observers had approximately 20 years of experience
in thoracic radiology and 6–7 years of experience in chest
tomosynthesis. The fourth observer had 1 year of experience
in both thoracic radiology and chest tomosynthesis. The
images were displayed with ViewDEX (23,24), a software
tool intended for use in different types of observer studies
with medical images, which includes the possibility of
performing size measurements with electronic calipers in
the images. The observers manually entered the result of
each measurement directly in the software.
To study the intraobserver variability, 150 nodules were
presented twice in a random order to the observers in two
separate sessions. There were no instructions to the observers
to wait for a certain time before continuing with the second
session, because the risk of memory bias was considered small.
The observers were aware that the nodules were artificial and
ellipsoid in shape, but no other information regarding the
shape or the size was given.
A subset of 10 consecutive section images from each patient
around each nodule was presented to the observers. The
nodules were in focus in one of the central section images. A
circular region of interest (ROI) in the images was used to
mark the position of the nodule. All nodules were centered
in the ROI, which was present in all 10 section images and
was of equal size for all nodules. In Figure 1, examples of nod-
ules included in the study are shown. By default, the images
were shownwith a certain degree of magnification, but the ob-
servers were free to use the magnification tool additionally and
to adjust the window width and level. The default settings for
window width and level were set according to that specified
by the digital imaging and communications in medicine
(DICOM) header. Information about in which of the 10 sec-
tion images the observers made each measurement was logged.
If the observers deemed the nodule not visible or not
adequately reproduced for measurement, they had the alter-
native of stating the nodule as nonmeasurable.Data Analysis
As a measure of the accuracy of the nodule size assessment,
mean measurement error in the first session for each observer
and for each of the three different nodule size groups was
determined. Three measures of the precision of the nodule
size measurements were used: 1) Repeated measurements
on the same nodule by a given observer will always be associ-
ated with a certain variation. For each observer, the standard
Figure 1. Cutouts from reconstructedchest tomosynthesis section im-
ages included in the measurement study showing an example of simu-
lated nodules from the three different size groups corresponding to
each other in terms of the ratio between the lengths of themajor andmi-
noraxes, amountof applied rotation, and location in the lung.The longest
diameters of the nodules are (a) 4.3 mm, (b) 8.6 mm, and (c) 12.9 mm.
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over all nodules in each size group, was used to express this
variation and referred to as the intraobserver variability, 2)Mea-
surements on the same nodule bymultiple observerswill lead to
an increased variation because of differences between observers.
The standard deviation of the measurements by all observers on
each nodule, averaged over all nodules in each size group, was
used to express this variation and referred to as interobserver
variability, and 3) The different characteristics of the nodules
and the anatomy at their locations will act as an additional
source of measurement variation. For each observer, the stan-
dard deviation of the measurement error for all nodules in
each size group was used to express this variation and referred
to as the internodule variability. The three variability measures
are not independent, as both the interobserver and internodule
variabilities will include the intraobserver variability. A correc-
tion for small sample sizes was used in the determination of the
standard deviations on which the intraobserver (sample size 2)
and interobserver (sample size 4) variablities were based (25).
The intraobserver and interobserver variabilities were also
assessed with the intraclass correlation coefficient. The 95%
confidence interval for each measure was used to express the
uncertainty of the results. The proportion of nodules judged
as nonmeasurable by each observer for the different nodule
size groups was determined.
Any measurement that was judged to have been done on a
structure other than a simulated nodule was excluded from the
analysis of the measurement accuracy and precision. This de-
cision was based on a visual inspection of the images in com-
bination with the log of in which of the section images the
measurements were done.RESULTS
The maximum number of excluded measurements for any of
the observers was five (observer 4). All excluded measure-
ments except one were made in images containing nodules
from the smallest size group.
The number of nodules judged as nonmeasurable, the mean
absolute measurement error, and the mean relative measure-
ment error for each observer and nodule size group are pre-
sented in Table 1. Mean values are presented with 95%
confidence intervals.
Of the smallest nodules, the observers found 7–17 of total
50 nodules nonmeasurable. For the nodules corresponding
in volume to a sphere with a diameter of 8 mm, this number
ranged from 0 to 3. All observers found all the large nodules
measurable.
Similar mean measurement errors ranging from 0.3 to
0.1 mm were found for all observers and nodule sizes. One
of the observers (observer 4) significantly underestimated
the size of the longest diameter of the smallest nodules. For
observers 1 and 3, the results indicated a limited underestima-
tion for all nodule sizes. For observer 2, no indication of over-
estimation or underestimation of the longest diameter of any
of the nodule sizes was found.499
TABLE 1. Number of Nodules Judged as Nonmeasurable, Mean Measurement Error, and Mean Relative Measurement Error for
Each Observer for the Three Different Size Groups
Parameter Observer 1 Observer 2 Observer 3 Observer 4
4.0 mm
N nonmeasurable 15 16 17 7
Mean error (mm) 0.2 (0.3, 0.0) 0.0 (0.1, 0.2) 0.2 (0.3, 0.0) 0.3 (0.5, 0.2)
Mean relative error (%) 3.3 (6.5, 0.0) 0.5 (2.7, 3.7) 3.3 (6.2, 0.5) 7.2 (10.4, 4.0)
8.0 mm
N nonmeasurable 1 3 2 —
Mean error (mm) 0.2 (0.4, 0.0) 0.1 (0.1, 0.2) 0.2 (0.4, 0.0) 0.2 (0.4, 0.0)
Mean relative error (%) 1.8 (3.9, 0.2) 0.6 (0.8, 2.0) 2.3 (4.4, 0.1) 2.0 (3.8, 0.2)
12.0 mm
N nonmeasurable — — — —
Mean error (mm) 0.1 (0.2, 0.0) 0.1 (0.2, 0.1) 0.1 (0.2, 0.0) 0.1 (0.0, 0.2)
Mean relative error (%) 0.5 (1.2, 0.1) 0.5 (1.4, 0.5) 0.7 (1.6, 0.2) 0.6 (0.2, 1.5)
Data in parentheses are 95% confidence intervals.
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nodules in the three size groups for all observers. It can be
noted that the longest diameter of a number of nodules was
noticeably underestimated. By visual inspection it was found
that most of these nodules were located in regions corre-
sponding to low dose regions in the projection images, for
example, behind the heart or the diaphragm. For the
nodules corresponding in volume to a sphere with a diameter
of 8.0 or 12.0 mm, this was the case for all measurements for
which the underestimation was 1.5 mm or larger. Nodules in
the smallest size group with corresponding locations were all
deemed not measurable by all observers.
The intraobserver, interobserver, and internodule varia-
bilities are presented in Tables 2–4, respectively. The
intraobserver and interobserver variabilities were of similar
magnitude, indicating relatively small differences between
observers. However, the internodule variability was in
general larger, indicating that the different characteristics of
the nodules and their location are sources of variability. In
terms of absolute measurements, all measures of variability
showed little or no dependency on the nodule size.
However, for all observers there was a tendency of
decreasing intraobserver and internodule variabilities with
nodule size in terms of the relative measurements. A similar
tendency was found for the interobserver variability. The
intraclass correlation coefficient was in general high, ranging
from 0.71 to 0.99 for the intraobserver variability and from
0.91 to 0.97 for the interobserver variability.DISCUSSION
Chest tomosynthesis is a relatively new technique allowing
imaging of the chest in coronal section images. It has been
shown to improve the visibility and detection rate of lung
nodules compared to conventional radiography (14,15).
However, the role of tomosynthesis in chest radiology has
not yet been fully established. One clinical task where the
technique might be beneficial to use is in the follow-up500of known lung nodules, which has been proposed
previously by Dobbins and McAdams (8). The objective of
the present study was to evaluate the accuracy and precision
of nodule size measurements on chest tomosynthesis images.
Therefore, simulated nodules were used because this enables
the possibility of knowing the true sizes of the nodules exactly.
The artificial nodules were inserted into patient chest tomo-
synthesis images, and the longest diameter of the nodules
was determined by four thoracic radiologists.
Because the longest diameter in the plane of detected
nodules can be found in any direction, ellipsoid-shaped
nodules were created and inserted in the images so that the
major axis lies in different directions in the image plane.
There was no detection task involved in the study, enabling
the position of the nodules to be marked with an ROI. By
not informing the observers in which of the section images
presented to them the nodule was in focus, the uncertainty
of not knowing where the nodule is at its largest was
included in the study.
By positioning the simulated nodules so that they were
centered in the depth direction in one of the section images,
an ideal condition for assessing the nodule size was created in
the present study. In the clinical situation, the uncertainty in
matching the nodule location with the plane of reconstruction
can be expected to affect the accuracy in determining the
longest nodule diameter. There is, however, a possibility of
reconstructing section images at smaller intervals than was
done in the present study and thereby increasing the probability
of including the longest diameter of the nodules in the images.
In a previous similar phantom study (18), where measure-
ments were done on spheres of various sizes and attenuation
coefficients in a nonanatomical background, absolute and
relative mean measurement errors for all spheres and observers
were 0.10 mm and 1.1%, respectively, for chest tomosyn-
thesis. The corresponding values for CTwere 0.15 mm and
1.4%. The measurement accuracy in the present study was
comparable to that found for chest tomosynthesis and CT in
the phantom study. Regarding measurement precision, in
Figure 2. Measurement error for all observers for nodules corre-
sponding in volume to a sphere with a diameter of (a) 4 mm, (b)
8 mm, and (c) 12 mm. Nodules with the same number in the three
different nodule size groups were located at identical positions in
the images.
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ment error were 0.3 mm and 5.0% for chest tomosynthesis.
In the present study, the internodule variability, for all nodule
sizes and observers, ranged from 0.3 to 0.7 mm and 2.3% to
9.5%, indicating a somewhat lower measurement precisionin the present study. This is expected, given the more realistic
variation in nodule shape and image background used in the
present study. The largest absolute internodule variability
was observed for the nodules corresponding in volume to a
sphere with a diameter of 8 mm. This can in large part be
attributed to the nodules in this size group for which the
longest diameter was largely underestimated because of diffi-
culties in distinguishing the contours of the nodules in low
dose areas of the image. In the previous phantom study, the
task of the observers was to measure the left-to-right diameter
of the spheres. The possibly more difficult—but on the same
time more clinically relevant—task in the present study of
determining the longest diameter of the nodules may also
have contributed to a larger spread in the data.
In another similar study by Johnsson et al. (19), the right-
to-left and inferior-to-superior diameters of real clinical
nodules were measured in chest tomosynthesis images. Mea-
surement error was evaluated relative to segmented diameters
on CT. Reported standard deviations of the measurement
errors of the observers ranged from 2.2 to 2.6 mm and from
2.0 to 2.3 mm for the left-to-right and inferior-to-superior
diameters, respectively. These values are substantially larger
than the internodule variabilities found in the present study.
Pulmonary nodules found in patients are of varying shapes
and with irregular surfaces. This will inevitably affect the vari-
ability of nodule size measurements in a manner that was not
accounted for in the present study. This may partly explain the
larger internodule variability presented by Johnsson et al.
compared to the present study. However, it should be noted
that the true nodule size was not known in the study by
Johnsson et al., which may have influenced the validity of
the reported measurement variation as the accuracy of the
segmentation process affected the result. In the present
work, the true nodule size was known exactly.
In the case of CT imaging, it has previously been shown
that the influence of window setting on the size assessment
of pulmonary nodules can be large (26). In the present study,
the observers were free to change the window settings to find
the best condition in which to measure the nodule, possibly
affecting the presented measurement variability. However,
the effect of window setting on apparent nodule size can be
expected to be smaller for tomosynthesis than for CT because
of the better in-plane resolution of tomosynthesis, as pointed
out by Johnsson et al. (18). Furthermore, the observers did not
use the possibility to change the window settings to a large
extent. One observer did all measurements in the default
window settings, whereas the other three observers altered
the window settings in approximately 40%, 20%, and 10%
of the cases, respectively.
The choice of follow-up strategy of incidentally detected
pulmonary nodules, as proposed by the Fleischner society, is
dependent on the size of the nodule when it is detected,
where the categorization of nodule size is divided into the
four groups # 4 mm, > 4-6 mm, > 6-8 mm and > 8 mm.
Considering the overall measurement accuracy and precision
found in the present study, the risk of assigning a nodule to an501
TABLE 2. Intraobserver Variability Expressed as the Standard Deviation of the Two Measurements on Each Nodule, Both in
Absolute Terms and Relative to the Actual Size of the Nodules, Averaged Over all Nodules in Each Size Group for Each Observer
Parameter Observer 1 Observer 2 Observer 3 Observer 4
4.0 mm
Intraobserver variability (mm) 0.2 (0.1, 0.2) 0.4 (0.3, 0.5) 0.2 (0.2, 0.3) 0.3 (0.2, 0.4)
Intraobserver variability (%) 3.6 (2.3, 5.0) 7.7 (5.4, 9.9) 5.3 (3.5, 7.1) 6.1 (4.4, 7.8)
Intraclass correlation coefficient 0.92 (0.83, 0.96) 0.71 (0.32, 0.87) 0.83 (0.57, 0.93) 0.81 (0.62, 0.90)
8.0 mm
Intraobserver variability (mm) 0.2 (0.1, 0.3) 0.3 (0.2, 0.3) 0.2 (0.2, 0.3) 0.3 (0.2, 0.4)
Intraobserver variability (%) 2.0 (1.4, 2.7) 2.8 (2.1, 3.4) 2.4 (1.7, 3.1) 3.0 (2.3, 3.8)
Intraclass correlation coefficient 0.94 (0.89, 0.97) 0.91 (0.84, 0.95) 0.95 (0.90, 0.97) 0.92 (0.86, 0.96)
12.0 mm
Intraobserver variability (mm) 0.2 (0.1, 0.2) 0.3 (0.3, 0.4) 0.2 (0.2, 0.3) 0.4 (0.2, 0.5)
Intraobserver variability (%) 1.1 (0.9, 1.4) 2.4 (1.9, 2.9) 1.5 (1.1, 1.8) 2.7 (1.7, 3.7)
Intraclass correlation coefficient 0.99 (0.98, 0.99) 0.94 (0.89, 0.96) 0.98 (0.96, 0.99) 0.87 (0.78, 0.93)
Data in parentheses are 95% confidence intervals.
TABLE 3. Interobserver Variability Expressed as the Standard Deviation of theMeasurements, Both in Absolute Terms and Relative
to the Actual Size of the Nodules, by all Observers on Each Nodule, Averaged Over all Nodules in Each Size Group
Parameter 4 mm 8 mm 12 mm
Interobserver variability (mm) 0.2 (0.2, 0.3) 0.3 (0.2, 0.4) 0.3 (0.2, 0.4)
Interobserver variability (%) 5.3 (4.1, 6.5) 3.3 (2.4, 4.2) 2.1 (1.7, 2.5)
Intraclass correlation coefficient 0.91 (0.82, 0.96) 0.93 (0.88, 0.96) 0.97 (0.96, 0.98)
Data in parentheses are 95% confidence intervals.
TABLE 4. Internodule Variability, Expressed as the Standard Deviation of the Measurement Error, Both in Absolute Terms and
Relative to the Actual Size of the Nodule, for all Nodules in Each Size Group for Each Observer
Parameter Observer 1 Observer 2 Observer 3 Observer 4
4.0 mm
Internodule variability (mm) 0.4 (0.3, 0.5) 0.4 (0.3, 0.6) 0.4 (0.3, 0.5) 0.5 (0.4, 0.6)
Internodule variability (%) 9.0 (7.2, 11.9) 9.0 (7.2, 11.9) 7.9 (6.3, 10.5) 9.5 (7.8, 12.4)
8.0 mm
Internodule variability (mm) 0.7 (0.6, 0.9) 0.4 (0.4, 0.6) 0.7 (0.6, 0.8) 0.6 (0.5, 0.7)
Internodule variability (%) 7.2 (6.0, 9.0) 4.8 (4.0, 6.0) 7.2 (6.0, 9.1) 6.2 (5.2, 7.8)
12.0 mm
Internodule variability (mm) 0.3 (0.3, 0.4) 0.5 (0.4, 0.6) 0.4 (0.4, 0.5) 0.4 (0.4, 0.5)
Internodule variability (%) 2.3 (1.9, 2.9) 3.3 (2.7, 4.1) 3.1 (2.6, 3.9) 3.0 (2.5, 3.7)
Data in parentheses are 95% confidence intervals.
S€ODERMAN ET AL Academic Radiology, Vol 22, No 4, April 2015inappropriate follow-up strategy is small with the use of chest
tomosynthesis. However, in the case of follow-up, the
repeated imaging will act as an additional source of variability
not investigated in the present study. Differences in, for
example, the patient positioning between two tomosynthesis
scans may result in that the nodule will be located differently
in relation to the section image reconstruction geometry. The
final section images will in turn match the location of the
nodule differently, possibly leading to differences in the
perceived size of the nodule between two time points. Further
investigations are necessary to determine how this variability
will affect the possibility of detecting changes in the nodule
size in the coronal plane by chest tomosynthesis.502Compared to the other two nodule size groups, a relatively
large proportion of nodules in the smallest size group was
judged as not measurable by the observers (Table 1). This
somewhat contradicts the finding in the nodule detection
study by Vikgren et al. (15), where 86% (44 of 51) of lung
nodules with a longest diameter of 4.0 mm or smaller found
on CT images were visible on chest tomosynthesis images.
However, the reference method in the detection study was
based on CT images with a slice thickness of 5 mm, possibly
causing small nodules not to be found by the reference and
thereby not included in the study. In comparison, Asplund
et al. (27), in a similar study but where the reference was based
on CT images with a slice thickness of 0.6 or 1.25 mm, found
Academic Radiology, Vol 22, No 4, April 2015 MEASUREMENT ACCURACY IN CHEST TOMOSYNTHESISthat 52% of nodules with a longest diameter of 4.0 mm or
smaller were found visible on chest tomosynthesis images.
In the previously mentioned phantom measurement study
(18), some of the smallest spheres were judged as nonmeasur-
able on both CT and chest tomosynthesis images. Dobbins
and McAdams (8) have previously expressed the risk of
missing new smaller nodules in the case of chest tomosynthesis
being used as lung nodule follow-up modality.
Although the number of the smallest nodules deemed as not
measurablewas relatively large, the measurement accuracy and
precision for the measured nodules in this size group were
high. These results may indicate that the observers chose to
only measure the nodules for which the borders could be
identified above a certain degree of confidence. Had the ob-
servers been forced to measure all nodules, one could suspect
that the accuracy and precision would have been less conclu-
sive. In the present study, the observer with the smallest num-
ber of nonmeasurable nodules (observer 4) was the only
observer who significantly underestimated the nodule size.
In Figure 1, a dark halo-like artifact can be seen around the
inserted nodules. This is a well-known artifact found in
reconstructed tomosynthesis section images and is a result
of the incomplete sampling of frequency space, which in
turn is because of the limited angular coverage by the projec-
tion images. The artifact will appear in the same direction as
that in which the tomosynthesis scan is performed. In the
case of chest tomosynthesis images, the artifact will appear
in the craniocaudal direction. The present study was not
designed to address how this effect influences pulmonary
nodule measurements. It could be beneficial to further
investigate this to evaluate how the artifact should be
managed in nodule size assessment to achieve the best accu-
racy, in particular when the longest diameter is parallel to the
scan direction. A preliminary analysis of the measurement
data, in conjunction with the fact that the observers stated
that they did not include the artifact when measuring the
nodules, indicates that the halo should not be included
when measuring nodules.
A number of limiting factors were present in the study.
Firstly, the observers were aware that the nodules had an
ellipsoid shape. This might have helped them to guess the
outline of the nodule in any cases where the nodule was
obscured by other anatomical structures. Secondly, the fact
that the nodules were centered in a circular ROI in the im-
ages may also have affected the observers, such that the bor-
ders of the ROI could be used as a helping reference when
determining the diameter of the nodule. However, this effect
was considered to be limited as the ROI was relatively large
compared to the size of the nodules. Additionally, the ob-
servers were not explicitly informed that the nodules were
centered in the ROI. (As described previously, some mea-
surements had to be excluded because it was evident that
they were made on a structure other than a nodule.) Thirdly,
and as mentioned previously, the present study does not take
into account the loss of measurement accuracy and precision
because of irregular nodule borders or mismatch betweenthe nodule location and image reconstruction plane.
Furthermore, the present study did not investigate the possi-
bility of detecting changes in the nodule size over time in
chest tomosynthesis images. This needs to be analyzed before
chest tomosynthesis may be used for follow-up of pulmonary
nodules.
In conclusion, the results of the present study suggest a high
accuracy and precision for manual measurements of nodules
in chest tomosynthesis images, although a limited underesti-
mation of the size is indicated. Small nodules (<5.0 mm)
may, however, be difficult to measure at all because of poor
visibility.
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